The acoustical properties insertion loss, reflection loss, and sound speed were measured on a series of fresh and subsequently formalin immersed human skulls. Measurements were made in the frequency range from 0.95 to 6 MHz. Most studies were restricted to an upper frequency limit of 2.2 MHz. An axisymmetric focused beam configuration was used as the sound source for the measurements and the receivers were small disk-type (3-mm-diam) piezoelectric ceramics. The geometric and temporal character of the focused beam was studied as a consequence of passage through the skull sections. Some skulls were soctioned so that their individual layex components could be studied. A simple three-layer analytical model seems to explain the major aspects of insertion and reflection loss. The dominant feature in determining human adult skull losses is the middle layer (diploe) of cancellous bone. This study corroborates previous work on insertion loss as a function of frequency for composite skull. The study provides new quantitative information on the acoustic scattering properties of diploe, scound velocity, and dispersion in composite skull and its components, attenuation coefficients in skull components and sound-beam distortion and shifts after transmission through composite skull. We conclude that with selection of appropriate frequencies (0.5-1.0 MHz) and beam configuration it will be possible to perform clinically significant transkull diagnostic imaging and interrogation in the adult human brain.
INTRODUCTION
Relatively large sections (typically 5 x 5 cm 2) of human adult, child, and infant skulls were studied to determine their acoustical properties in the frequency range from 250 kHz to 2.2 MHz. In addition, the acoustical properties of some skulls and skull components were studied at frequencies up to 6 MHz. Most skulls were studied at times staxting from three to four hours after patient death through several weeks before immersion in buffered formalin, after which time they were studied for many additional months. Specific skulls were sectioned into individual layers comprising the outer ivory table, the diploe, and the inner ivory table. These layers were studied singly and in reconstructed composites to determine the contribution of the various skull layers to the overall acoustical characteristics.
This. study was conducted primarily to provide sufficient quantitative information on the acoustical properties of human skull bone so that the potential for transkuLl visualization, interrogation, and possible therapy of intracranial contents by ultrasonic means coukl be thoroughly evaluated. An important objective of the work was to evaluate critically the idea that an axisymmetric focused beam will provide controlled lateral resolution when transmitted through an area of skull laxge enough to smooth out distortions due to small-scale skull inhomogeneities.
We have proposed an analytical model that explains the acoustical characteristics of skull in a manner we judge appropriate for either experimental or commercial instrumentation design considerations.
Our principal measurements were of insertion loss, . This pulse is designated x waveform in the data analysis algorithms. The reference probe is pesitioned close enough to the skull sample so that it will catch the reflected pulse next. This reflected pulse is designated z waveform in the data analysis algorithms. The output level from the pulse amplifier is adjusted so that the peak voltage from the reference probe will fall just short of the peak voltage capacity of the recorder. The next waveform is measured by the receive probe (B) as it records passage of the pulse that has traveled through the skull sample. This pulse is designated y waveform in the data analysis algorithms. Attenuators in the receive probe circuit are also adjusted so that the peak voltage from the receive probe falls just short of the peak voltage capacity of the recorder.
The recorded voltage waveforms x, y, and z are related to the sound pressures p,, /),, and p, by the sensitivitiesg t of the reference channel and g2 of the receive channels; i.e., incident pressure waveform p•= x/g t , reflected pressure waveform p,=z/g• , Since the reference probe channel A is used to make both pressure measurements in the ratio, its calibration is not required. SAverage of five positions measured along linear cut passing through region of central ray passage.
•No data, not applicable, or not obtained. We seek an aralytical representation for human skulls of the transmission and reflection of near-normal incidence ultrasound. This analytical model was first used, together with values of skull parameters that are reported in the literature, to obtain an estimate of the acoustical properties of the skull samples that were to be measu. red. These calculations told us how much dynamic range and frequency resolution would be required of the measurement apparatus. After the measurements were completed we used the model to calculate the acoustical properties of three of our skull samples, using our own measured skull parameters. The parameters used in this calculation are listed in Table II •Values estimated from Tables III and IV 
where Pt is the density of included blood and fat (1.03g/ cm3) • and Pm is the density of the bone-blood matrix (1.75 g/cm 3 computed from data of Table I (Table IH) but reveal some important differences for diploe (Table IV) speed, while the transit time procedure measures directly group speed if there is dispersion. Table IV No attempt will be made here to compare, in a deriratire manner, our acoustical transkull studies with the extensive opbcal hterafure on wave propagation in randomly tnhomogeneous media. t4-,6
Also included in
As a further example of thts transceiver capability, the scan of a set of nylonftlaments (0. 010-in. di•uneter spaced 1 cm apart) in a 5x3 array is shown in Fig. 16(a) . 
